The ability to encode and retrieve spatial and temporal contextual details of episodic memories (context memory) begins to decline at midlife. In the current study, event-related fMRI was used to investigate the neural correlates of context memory decline in healthy middle aged adults (MA) compared with young adults (YA). Participants were scanned while performing easy and hard versions of spatial and temporal context memory tasks. Scans were obtained at encoding and retrieval. Significant reductions in context memory retrieval accuracy were observed in MA, compared with YA. The fMRI results revealed that overall, both groups exhibited similar patterns of brain activity in parahippocampal cortex, ventral occipito-temporal regions and prefrontal cortex (PFC) during encoding. In contrast, at retrieval, there were group differences in ventral occipito-temporal and PFC activity, due to these regions being more activated in MA, compared with YA. Furthermore, only in YA, increased encoding activity in ventrolateral PFC, and increased retrieval activity in occipital cortex, predicted increased retrieval accuracy. In MA, increased retrieval activity in anterior PFC predicted increased retrieval accuracy. These results suggest that there are changes in PFC contributions to context memory at midlife.
Introduction
Healthy aging is associated with reductions in episodic memory. Older adults aged 60 years and above show greater reductions in retrieving spatial and temporal contextual details about past events (context memory) versus simply recognizing whether or not an such an item/event was previously encountered (recognition memory) (Cabeza et al. 2000; Rajah and McIntosh 2008; Rajah, Languay et al. 2010) . This is likely because context memory tasks place greater demands on both medial temporal lobe (MTL)-related processes, such as associative/relational encoding (Davachi 2006; Shimamura and Wickens 2009) , and prefrontal cortex (PFC)-related processes, such as strategic organization and monitoring (Dobbins et al. 2004; Badre and Wagner 2007; Shing et al. 2010 ), compared with recognition memory tasks. In fact, prior studies have shown that age-related declines in context memory are associated with changes in hippocampus and PFC structure and function (Kukolja et al. 2009; Rajah, Kromas et al. 2010; Spaniol and Grady 2010; correlates of context memory in middle aged adults (MA) . Given that behavioral reductions in context memory tasks are established by the age of 60 years, it is likely that context memory decline emerges earlier in adulthood at midlife.
Cansino et al. have conducted 2 studies using event-related potentials (ERPs) to examine young (YA) (mean age = 22.9 years), MA (mean age = 52 years), and older adults (mean age = 72.4 years) during encoding (Cansino, Trejo-Morales, and Hernandez-Ramos 2010) and retrieval (Cansino et al. 2012 ) of spatial context information associated with objects. MAs' ability to retrieve spatial contextual details fell mid-way between that of YA and older adults (Cansino et al. 2012) . During successful spatial context encoding, the mean amplitude of a sustained positive waveform at posterior cortical sites was found to be greater in MA and older adults compared with YA. At retrieval, Cansino et al. (2012) reported that the distributed pattern of frontal activity during successful context retrieval differed between age groups (Cansino et al. 2012) . These results point to the likelihood of frontal and posterior cortical involvement in context memory reductions at midlife. However, given the imaging modality employed, the spatial localization of these effects remains unclear.
Few fMRI studies have investigated episodic memory across the adult lifespan and have examined brain activity in MA during episodic encoding and/or retrieval (Grady et al. 2006; Kennedy et al. 2012; Park et al. 2013; Cansino et al. 2015) . Several of these studies employed recognition, not context, memory paradigms wherein performance was matched between YA and MA. Kennedy et al. (2012) used an event-related fMRI design to examine increases and decreases in brain activity during successful encoding of scene stimuli as a function of increasing age. Grady et al. (2006) investigated changes in brain activity during the encoding and retrieval of line drawings and words as a function of increasing age using a blocked fMRI paradigm. fMRI data from both encoding and retrieval were analyzed together, across stimulus types, in the study by Grady et al. (2006) . Despite differences in study design, both studies reported increased activity in midline cortical regions, including medial PFC, and decreased activity in ventral visual processing regions, with increasing age. Neither of these studies reported significant changes in MTL function with increasing age. Grady et al. (2006) also reported age-related reductions in lateral PFC activity, whereas Kennedy et al. (2012) reported increased lateral PFC activity with increasing age.
While these 2 previous studies examined age-related differences in brain activation across the lifespan (i.e., in participants aged 20s to 80s), Park et al. (2013) directly compared fMRI activity in YA versus MA, and in MA versus older adults during the successful encoding of spatial scenes. They found that decreased encoding-related activity in ventral visual cortex was apparent by midlife, but that increased encoding-related activity in medial PFC only emerged later in life. Park et al. (2013) also reported similar levels of medial temporal and lateral PFC activity during successful encoding across YA, MA, and older adults. Thus, Park et al. (2013) did not observe changes in PFC activity in MA versus YA. Therefore, previous fMRI studies of episodic memory, in which performance was matched between MA and YA have consistently reported no changes in MTL function and differences in ventral visual cortex function by midlife. However, there has been less consistency in the PFC results reported across studies (Grady et al. 2006; Kennedy et al. 2012; Park et al. 2013) .
fMRI studies of episodic memory that have compared PFC activity in YA and older adults have generally reported age-related changes in PFC function. For example, in fMRI studies of episodic memory in which older adults performed significantly worse than younger adults, age-related decreases in PFC activity have been observed (Duarte et al. 2008; Rajah, Languay et al. 2010 ). In contrast, in studies in which performance was matched between age groups, age-related increases in PFC activity have been reported (Cabeza et al. 2002; Morcom et al. 2007; Davis et al. 2008 ). There have been several hypotheses put forth to explain the observed age-related change in PFC function (see Maillet and Rajah 2013 for review); however, the Compensation-Related Utilization of Neural Circuits Hypothesis (CRUNCH; Cappell et al. (2010) ) and the Scaffolding Theory of Aging and Cognition (STAC; Park and Reuter-Lorenz (2009) ) directly address the association between age-related change in PFC activity and task performance. Both theories argue that age-related increases in PFC activity reflect neural compensation for increased neural inefficiency within the PFC, and decreased neural function in posterior cortical regions. Additionally, these models argue that this compensation has limits. Specifically, due to reduced processing efficiency, older adults over-recruit PFC in a compensatory manner at lower difficulty levels. However, older adults may reach processing limits faster than YA. Therefore, at higher levels of task difficulty, one may observe age-related decreases in PFC activity and impaired behavioral performance in older adults (Reuter-Lorenz and Cappell 2008) .
Given the fMRI findings showing changes in PFC function during episodic memory in older versus younger adults, it is surprising that prior fMRI studies of episodic memory have not consistently reported changes in PFC function at midlife. One possibility is that by using item recognition tasks in which performance was matched between MA and YA, prior studies were only able to identify functional changes that were apparent when middle aged subjects' episodic memory abilities were sufficient to meet task demands. However, it is possible that additional functional changes at midlife may be identified if one used more challenging episodic memory tasks, such as context memory tasks, which are known to place greater demands on ventral visual (Cansino et al. 2002) , medial temporal (Davachi et al. 2003; Kukolja et al. 2009 ), and PFC function (Slotnick et al. 2003; Dulas and Duarte 2012) compared with item recognition.
In the current study, we used event-related fMRI to investigate the neural correlates of successful context memory encoding and retrieval in healthy MA and YA. Subjects were tested on 2 types of context memory tasks to identify task-general effects in the neural correlates of episodic memory: spatial (left/right) context memory and temporal (recency) context memory. Subjects performed easy (low encoding load) and difficult (high encoding load) versions of each task type. Task difficulty was modulated within task type to differentiate between age effects, performance effects, and age-by-performance interactions. Multivariate partial least squares (PLS) McIntosh and Lobaugh 2004) analysis was used to examine main effects of task, age group, and task difficulty on brain activity during successful context encoding and retrieval, and to examine interactions among these variables. In addition, we used linear regression to examine if ventral visual cortex, MTL, and/or PFC activity predicted retrieval accuracy in YA and/or MA (Davis et al. 2008; Cappell et al. 2010) . Based on prior findings, we predicted that MA would show reduced accuracy in spatial and temporal context memory relative to younger adults (Cansino et al. 2012) and that reductions in performance would be linked to changes in ventral occipito-temporal activity (Small et al. 2002; Park et al. 2013; Vuoksimaa et al. 2013 ) and prefrontal activity (Grady et al. 2006; Cansino et al. 2012 ).
Materials and Methods

Participants
Thirty-four YA (age range 20-35 years, mean age 26.38 years, mean education 16.50 years, 21 females) and 28 MA (age range 40-56 years, mean age 47.96 years, mean education 15.75 years, 20 females) participated in the study. All subjects were healthy at the time of testing and had no history of neurological or psychological illness. All subjects were right-handed as measured by the Edinburgh Inventory for Handedness (Oldfield 1971) .
All participants completed 2 sessions that took place on 2 separate days. The first session involved filling out a medical questionnaire, undergoing a neuropsychological assessment, having their blood pressure measured by a nurse, participating in a practice session of the fMRI task, and donating a blood sample for assessment of cholesterol levels. Session 2 involved undergoing fMRI scanning. During Session 1, we administered the following battery of neuropsychological tests to screen out individuals suffering from psychiatric symptoms and dementia, and to obtain measures of memory and language function: the Mini-International Neuropsychiatric Interview (M.I.N.I.) [inclusion cutoff score ≤2, (Sheehan et al. 1998) ], Mini-Mental Status Exam [MMSE, exclusion cutoff score <27], (Folstein et al. 1975) ], the Beck Depression Inventory (BDI) [inclusion cutoff <15 (Beck 1987) ], the California Verbal Learning Task (CVLT) [exclusion cutoff determined per case using age and education (Norman et al. 2000) ], the American National Adult Reading Test (NART) [inclusion cutoff ≤2.5 SD (Spreen and Strauss 1997) ]. Additional medical exclusion criteria included having a history of or current diagnosis of diabetes, untreated cataracts and glaucoma, and a current diagnosis of high cholesterol levels and/or high blood pressure left untreated in past 6 months. Moreover, anyone with a first-degree relative who had been diagnosed with Alzheimer's disease, or other neurodegenerative disorder, was excluded from the study. All subjects performed a practice session of the fMRI tasks (described below) in a mock MRI scanner. Only those subjects who met all the cutoff criteria and performed above chance on the practice session in Session 1 were invited to participate in the fMRI scanning Session 2. Session 2 occurred within 1 week of Session 1.
One-way between-group analyses of variance (ANOVAs) were conducted on mean years of education and all neuropsychological measures to determine if there were significant group differences on any of these measures (significance threshold P < 0.05) using SPSS for Windows (Version 17.0). All participants signed a consent form approved by ethics board at the Faculty of Medicine, McGill University.
Task Stimuli
The stimuli were black-and-white photographs of age variant human faces, which were cropped from the neck upwards and rated as either neutral or pleasant by 2 independent raters. The stimuli have been used in prior fMRI studies of memory function conducted by our laboratory Rajah, Languay et al. 2010 ) and details about the stimuli can be found in . Unique stimuli were used for each memory task, and each stimulus list, per task, was balanced for age and sex.
Behavioral Methods
Subjects were told that they would be participating in a computer-based memory experiment for nonfamous faces. Subjects participated in 12 fMRI scanning runs while they performed easy and hard versions of spatial and temporal context memory tasks. Both spatial and temporal tasks were used to determine if there were task-general and task-specific neural correlates of spatial and temporal context memory in both age groups. The difficulty manipulation was added to enable the discrimination of functional changes associated with performance main effects, and age by performance interactions. E-Prime (Psychology Software Tools, Inc.; Pittsburgh, PA, USA) was used to present the behavioral protocol and collect accuracy and reaction time (RT; ms).
Each run consisted of 3 experimental blocks: 1 hard spatial or 1 hard temporal context memory task (depending on run), 1 easy spatial context memory task and 1 easy temporal context memory task. Each run was approximately 9 min long. In total, each subject performed 6 hard spatial tasks, 6 hard temporal tasks, 12 easy spatial tasks and 12 easy temporal tasks, for a total of 36 tasks. The task order was counter-balanced within run and run order was counter-balanced across subjects.
Encoding Blocks A 9-s instruction screen was presented prior to encoding in order to inform the subjects to memorize either the spatial location or the temporal order (depending on the task) of face stimuli. The instruction screen also informed subjects of whether they would see 6 encoding stimuli (easy tasks) or 12 encoding stimuli (hard tasks). Thus, the difficulty manipulation was related to increased encoding load during hard > easy tasks. [Due to programming issues, 8 young adults and 2 middle aged adults were not informed whether the upcoming memory task was an "easy" (6-faces) or "hard" (12-faces) task, whereas all other subjects were informed of this during the encoding instructions. We ran behavioral analyses as outlined in the Behavioral Data Analysis Section to determine if this altered the memory performance of these subjects compared to the remaining sample and found no significant differences in behavioral performance between groups (task main effect and all interactions >0.195). Additionally, inclusion of these subjects did not alter the significance of any latent variables (LVs) identified in fMRI PLS data analysis. Thus, we included data from all participants in the analyses reported in this paper] Face stimuli were presented one-by-one either to the left or right of a fixation cross on the screen. Each encoding stimulus was presented for 2 s, with a variable ITI (2.2-8.8 s, mean ITI = 4.94 s). During encoding, subjects also had to rate each face as "pleasant" or "neutral." The neutral/pleasantness rating was incorporated because a previous study revealed improved memory for faces encoded using social-emotional evaluations (Grady 2002) .
In between the encoding and retrieval phases, the subject performed a 1-min long alphabetizing task to prevent rehearsal of encoding stimuli. Subjects were presented with 5 word pairs (5 s/word pair) and were asked to indicate which word came first alphabetically. ITIs were varied between each pair.
Retrieval Blocks A 9-s instruction screen was presented prior to each retrieval block to inform the subjects of whether they had to select the face that had been presented on the left or right (in the spatial task) or most or least recently (in the temporal task). Thus, the instruction (e.g., Select the face that was presented on the left) was the same for all events within a retrieval block. The instruction varied across different retrieval blocks. During the retrieval block, subjects were presented with 3 retrieval events in the easy tasks and 6 retrieval events in the hard tasks. Each retrieval event consisted of 2 black-and-white photographs from the preceding encoding list. The stimuli were presented vertically http://cercor.oxfordjournals.org/ (one on top and one on bottom of a central fixation cross) to prevent perceptual bias effects as encoding stimuli were presented horizontally. We randomized the temporal "distance" between the retrieval items. Each retrieval stimulus was presented for 6 s, with variable ITI (2.2-8.8 s, mean ITI = 4.94 s). All motor responses were made with the subjects' right (dominant) hand.
Behavioral Data Analysis
SPSS for Windows (version 17.0) was used to conduct a betweengroup repeated-measures task (2: temporal, spatial) × difficulty (2: easy, hard) ANOVA to examine main effects and group-bytask interactions (significance threshold P < 0.05). Accuracy and reaction time were compared between YA and MA. Independent t-tests and paired t-tests were performed on the relevant independent variables when needed to clarify any significant interaction effects.
fMRI Data Acquisition
Scanning of subjects was performed in a 3-T Siemens Trio scanner at the Douglas Brain Imaging Center. Subjects were asked to lie in a supine position in the MRI scanner while wearing a standard head coil. At the start of the experiment, T 1 -weighted structural volumes were acquired using a 5-min gradient echo ( Visual stimuli were generated by a PC computer and were back-projected onto a screen placed in the scanner bore, which was made visible to participants by a mirror mounted within the standard head coil. E-Prime presentation software (Psychology Software Tools, Inc.; Pittsburgh, PA, USA) was used to run the experimental protocol and collect behavioral data. Participants requiring correction for visual acuity wore plastic optical corrective glasses. A fiber-optic 4-button response box was used to perform experimental tasks.
Functional Image Processing and Analysis
Images were reconstructed from raw k-space and were converted to ANALYZE format and subsequent image processing was conducted using SPM8 software (http://www.fil.ion.ucl.ac.uk/spm) run with MATLAB (www.mathworks.com) on a Linux platform. Images from the first 10 s of each run were discarded to control for field in-homogeneities. ArtRepair (http://cibsr.stanford.edu/ tools/human-brain-project/artrepair-software.html) was used to correct for slice and volume artifacts. Functional images were spatially realigned to the first image acquired, to correct for movement artifact, using a 6-parameter rigid body spatial transform and a least squares approach. Subjects with head motion >4 mm are typically discarded from the analysis; however, we did not have any such subjects in the current sample. Individual subjects' functional images were spatially normalized to the MNI EPI-template available in SPM8 at 4 × 4 × 4 mm cubic voxel resolution. Images were then smoothed using 8-mm full-width half maximum (FWHM) isotropic Gaussian kernel, to minimize inter-participant anatomic variability (Friston 2004) .
Multivariate fMRI Data Analysis
Multivariate spatio-temporal PLS ) was conducted on fMRI data with PLSGUI software (http://www.rotmanbaycrest.on.ca/index.php?section=84). For all analyses, only the data from correct encoding and retrieval events were analyzed. All subjects had a minimum of 14 correct events per event type included in the analysis. PLS was used to assess task-and age-related similarities and differences in event-related brain activity, using a set of prespecified contrasts (see Table 1 ). The fMRI data for both groups was stored in a between-group data matrix or "datamat" and represented event-related data for following 8 events: 1) correct spatial context encoding-easy task events (eSE), 2) correct temporal context encoding-easy task events (eTE), 3) correct spatial context encoding-hard task events (eSH), 4) correct temporal context encoding-hard task events (eTH), 5) correct spatial context retrieval-easy task events (rSE), 6) correct temporal context retrieval-easy task events (rTE), 7) correct spatial context retrieval-hard task events (rSH), 8) correct temporal context retrieval-hard task events (rTH). The rows of the datamat represent the mean event-related activity for each of the aforementioned event types, stacked by age group (YA first, then MA). In the present study, there were 62 subjects (34 YA and 28 MA) and 8 event types, for a total of 496 rows. The columns in the datamat represent the signal from each voxel at each time lag. Each time lag contains data for a 2 s period, with the first time lag coinciding with event onset. In this study, 8 time lags were included, thereby including activation spanning 16 s after event onset to encapsulate the entire breadth of the hemodynamic response function. The signal was zeroed at event onset, and expressed as a percentage deviation from this baseline in subsequent time lags. The dot product of the between-group data matrix and the contrast matrix was calculated. These contrasts examined group main effects, event-type (task) main effects, difficulty level main effects, and group-by-task and difficulty interactions at encoding and retrieval (see Table 1 ). This resulting dot-product matrix was then subjected to singular value decomposition, yielding a set of 11 LVs, each containing a matrix of voxel saliences and task saliences, which represent the 11 aforementioned contrasts from Table 1 , and their associated singular values. Voxel saliences represent the weighted contribution of each voxel, at each time lag for each of the 11 contrasts. Voxel saliences can have either a positive weight, reflecting a positive relation to the given contrast, or a negative weight, reflecting a negative relation to the given contrast. The singular value indicates the strength of the association between activity in the brain voxels and each contrast of interest. Significance of PLS LVs was based on permutation tests (P < 0.05, 1000 permutations) on the singular values. The stability of each voxel's contribution to a latent variable was assessed with bootstrapping (bootstrap ratio = ±3.28, P < 0.001, 1000 iterations; minimum cluster size = 10). To determine at which time lags the task differences in a given LV were strongest, we also computed temporal brain scores for each task in each significant LV. Peak coordinates are only reported from time lags at which task differences were maximal. These peak coordinates were converted to Talairach space using the icbm2tal transform (Lancaster et al. 2007 ) as implemented in GingerAle 2.3 (Eickhoff et al. 2009 ). Since our acquisition incompletely acquired the cerebellum, peak coordinates from this region are not reported. The Talairach and Tournoux atlas (Talairach and Tounoux 1988) was used to identify the Brodmann area (BA) localizations of significant activations.
To illustrate the age-related changes in brain activation in our tasks, we extracted the mean, baseline corrected, percent signal change from the following a regions of interest (ROIs) from significant LVs: occipito-temporal, medial temporal and prefrontal cortices. We chose to focus on occipito-temporal and PFC regions because prior studies have reported age-related changes in these regions at midlife (Grady et al. 2006; Park et al. 2013 ), and we also examined MTL activation since this region is generally implicated in age-related changes in memory function (Van Petten 2004; Sperling 2007; Park and Reuter-Lorenz 2009; Spaniol et al. 2009 ). Activation was extracted from a 1 mm sphere centered on the peak coordinates found in these ROIs from specific contrast and plotted to show patterns of activation across tasks and age groups. In addition, we conducted exploratory post hoc group (2: young, middle age) × task (2: temporal, spatial) × difficulty (2: easy, hard) repeated-measures ANOVAs for activity in these ROIs. This was done to verify the PLS results and also to investigate if some ROIs exhibited additional effects, beyond the one defined by the PLS results. Thus, the results from these post hoc ANOVAs are exploratory and not confirmatory (Bender and Lange 2001) . Only the highest order significant post hoc results are presented (e.g., if there was a significant difficulty effect and a task × difficulty interaction, only the interaction effect will be presented).
Linear Regression Analysis-Predicting Accuracy from Brain Activity An additional goal of this study was to determine if activity in ventral visual, medial temporal, and/or prefrontal cortices predicted task accuracy in YA and MA during spatial easy (SE), spatial hard (SH), temporal easy (TE), and temporal hard (TH) tasks, respectively. We used SPSS to conduct backward elimination regression models (P-value for inclusion = 0.05; P-value for exclusion = 0.10) to achieve this goal. We constructed regression models for each context memory task in which the dependent variable was the mean retrieval accuracy for the given task. The predictor variables included age (in years), and the mean baseline corrected activity during lags 2-4 for 1-mm sphere surrounding ROIs identified from the significant PLS results. The predictor variables were the same for all models tested.
We conducted descriptive analyses of all predictor variables selected to identify extreme datapoints (>3 SD), which reflected extreme activation levels for a given predictor ROI in a specific subject, during a specific task. All extreme datapoints were removed before the regression analyses were conducted. For each task, we used 2 different approaches to identify significant predictors: 1) First, we tested across age-group regression models in which data from both age groups were included in the same model, and age was also included as a continuous variable predictor. This approach allowed us to identify brain areas in which activity predicts memory performance across age. 2) Second, we tested within age-group regression models in which the data from each group were split. In these models, age was still included as a predictor to account for the within group variance in age. This approach does not assume that there is continuity in the neural correlates of context memory from young adulthood to middle age, and allowed us to identify unique predictors of memory performance within each age group. Therefore, in total there were 12 models tested: 4 models (SE, SH, TE, TH) which included both age groups, 4 models that included only YA, 4 models for MA only.
To address concerns about potential multicollinearity among predictor variables included in our regression analyses, we ensured that the variance inflation factors (VIF) listed for the full model, prior to the start of the backward elimination process, did not exceed 10 for any predictor entered in the model (Mason and Perreault 1991; O'Brien 2007) . If, for a specific model, a predictor variable had a VIF >10 in the full model, we investigated if including this variable biased which model was identified as being most significant by re-running the regression excluding this variable. If exclusion altered the significant model identified, we report the most significant model identified after the removal suspect variable(s) and state which variables were removed due to concerns with multicollinearity in the Results section.
If there were competing significant models we used the R-change and F-statistic change (P > 0.05) for assessing goodness-of-fit and for determining which of the competing models from the step-wise elimination process best predicted accuracy. If there was no change in F-statistic probability (P > 0.05) from removing a predictor variable, this indicated that the removed variable did not add any predictive value to the model, and it was acceptable to remove it from the model. We report β-values for all predictors in the reduced model that best predicts accuracy during SE, SH, TE, and TH tasks in relevant tables, but only discuss significant predictors (t-statistic P < 0.05) in the Results section. Table 2 displays group means for years of education and each of the administered neuropsychological tests in YA and MA. One-way between-group ANOVAs indicated that there was a significant group difference in the CVLT long-form free recall test [F 1,60 = 5.64, P = 0.02]. No other significant group differences were found.
Results
Behavior
Neurospsychological Tests
fMRI Tasks
Group mean accuracy (percent correct) and reaction time (RT; ms) are shown in Table 3 .
Accuracy. The group (2: young, middle age) × task (2: temporal, spatial) × difficulty (2: easy, hard) repeated-measures ANOVA for retrieval accuracy revealed significant main effects for task [F 1,60 = 318.36 P < 0.001], difficulty [F 1,60 = 52.33 P < 0.001], and group [F 1,59 = 11.28 P = 0.001]. In addition, significant task × difficulty [F 1,60 = 10.13 P = 0.002] and group × task [F 1,60 = 6.15 P = 0.016] interaction effects were found.
To clarify the task × difficulty interaction, we conducted post hoc paired sample t-tests to compare accuracy in easy > hard versions within task type, collapsed across groups. The results indicate that collapsed across group there was a significant difficulty effect in both tasks, but that the effect was larger for temporal > spatial tasks (accuracy during SE > SH: t (1,61) = 3.17, P = 0.002; accuracy during TE > TH (1,61) = 6.42, P < 0.001). However, Table 2 indicates that the difficulty effect in spatial tasks was likely driven by MA since the mean score during SE and SH tasks was similar in YA (SE mean accuracy = 0.88 and SH mean accuracy = 0.87). To verify this, we conducted post hoc within group paired samples t-tests to test for the effect of difficulty within task type. These results confirm that, in YA, there was no significant difference in accuracy between SE versus SH tasks (t < 1), but there was a significant difference in accuracy between TE versus TH tasks (t (1,33) = 4.86, P < 0.001). In MA, there were significant differences in task difficulty for both task types (SE vs. SH, t (1,27) = 3.89, P = 0.001; TE vs. TH, t (1,27) = 4.16, P < 0.001).
To clarify the group × task interaction, we conducted post hoc independent samples t-tests to determine if there were group differences during SE, SH, TE, and TH tasks, respectively. There was no significant group difference in retrieval accuracy during the SE task (t (1,60) = 1.34, P > 0.05), but there were significant group differences in retrieval accuracy for all other tasks (SH, t (1,60) = 2.68, P = 0.01; TE, t (1,60) = 2.98, P = 0.004; TH, t (1,60) = 3.93, P < 0.001).
Reaction time (RT, ms). The group (2: young, middle age) × task (2: temporal, spatial) × difficulty (2: easy, hard) repeated-measures ANOVA for correct retrieval RT revealed significant main effects of task [F 1,60 = 67.31 P < 0.001] and difficulty [F 1,60 = 23.47 P < 0.001]. Participants responded more quickly on the spatial > temporal tasks and on easy > hard tasks, respectively. No other significant main effects or interactions were observed.
fMRI Results
Between-Group PLS Results
Five latent variables (LVs) were significant based on permutation testing: 1) LV 1: main effect of encoding > retrieval (P < 0.001; 46% cross-block variance), 2) LV 4: main effect of easy > hard encoding (P < 0.035, 6% cross-block variance), 3) LV 5: main effect of easy > hard retrieval (P < 0.001, 11% cross-block variance), 4) LV 6: interaction of group-by-encoding > retrieval (P < 0.034; 6% cross-block variance), and 5) LV 10: interaction of group-by easy > hard retrieval (P < 0.003; 8% cross-block variance). The whole-brain PLS results for each LV are presented in Tables 4-8 and Figures 1  and 2 . Temporal brain scores indicated that for each LV, task differences were maximal in time lags 2-4 (4-8 s poststimulus onset). Therefore, we only report peak coordinates from these lags in Tables 4-8 . In addition, when a peak coordinate was found in more than one time lag, we only report it once, at the time lag where the bootstrap ratio was maximal. In the following sections, we present the results for each significant LV.
LV 1: encoding versus retrieval events, main effect. Figure 1A and Table 4 present the whole-brain PLS results for LV 1: encoding versus retrieval main effect. This contrast identified regions that were differentially activated during all encoding events (eSE, eSH, eTE, and eTH) compared with all retrieval events (rSE, rSH, rTE, and rTH), in both age groups. During encoding, compared with retrieval, there was greater activation in several regions in both age groups including: left dorsomedial PFC (BA 9), bilateral ventrolateral PFC (VLPFC, left BA 47 and right BA 45), left dorsolateral PFC (DLPFC, left BA 9), left medial occipital cortex (BA18), bilateral anterior temporal gyrus (BA 38), bilateral middle temporal gyrus (BA21), and right parahippocampal cortex (PHC). During retrieval, compared with encoding, there was increased activity in bilateral regions of lateral occipital/fusiform cortex (left BA 18, right BA 19), left anterior PFC (APFC, BA 10), and right DLPFC (BA 9) in both age groups. Given our interest in occipito-temporal, medial temporal, and prefrontal cortices (see Materials and Methods), we extracted the baseline corrected, mean percent signal change for these ROIs (marked by asterisks in Table 4 ) and plotted these activation profiles in Figure 1B ( prefrontal ROIs) and Figure 1C (ventral visual and medial temporal ROIs). These plots indicated that although all the brain regions identified in LV1 exhibited a main effect of encoding versus retrieval, several of the brain regions also appeared to be modulated by other aspects of the study design. To examine this further, we conducted exploratory post hoc group (2: young, middle age) × task (2: temporal, spatial) × difficulty (2: easy, hard) repeated-measures ANOVAs for encoding activity and for retrieval activity, separately, for the ROIs depicted in Figure 1B ,C. The results from these post hoc analyses are presented in the last column of Table 4 . Only the highest order significant effects identified for encoding activity, and for retrieval activity, are presented.
LV 1: Post Hoc ANOVAs of Encoding Activity in ROIs
During encoding, the post hoc analyses indicated that there was a significant group × task × difficulty interaction in right anterior temporal cortex activity (BA 38). Within group pair-wise comparisons indicated this effect was due to there being more activity in this region during TE, compared with SE tasks, in YA (P < 0.001), but there being no other significant pair-wise effects in this region in either age group. In addition, there were significant task × difficulty interactions in encoding activity in several LV1 ROIs, such as: left APFC (BA 10), bilateral DLPFC (BA 9), right PHC, left middle temporal cortex (BA 21), right fusiform gyrus (BA 19), and medial occipital cortex (BA 18). There was greater activity in these regions during SE, compared with SH, encoding tasks, but similar levels of activity during TE and TH encoding tasks in both age groups.
In 3 LV1 ROIs, there were significant difficulty main effects in encoding activity; bilateral VLPFC and left anterior temporal cortex (BA 38). Activity in these regions was greater during easy spatial and temporal encoding tasks, compared with hard spatial and temporal encoding tasks, in both age groups.
LV 1: Post Hoc ANOVAs of Retrieval Activity in ROIs
The post hoc ANOVAs indicate that there were significant group × difficulty interactions in retrieval activity in the following LV1 ROIs: left APFC (BA 10), right DLPFC (BA 9), right fusiform gyrus (BA 19) , and left medial occipital cortex (BA 18). In addition, there were significant task × difficulty interactions in retrieval activity in right DLPFC and right fusiform gyrus. Although these regions exhibited similar post hoc effects, the underlying pattern of activity in each of these regions was different. For instance, in the case of left APFC and right fusiform gyrus, these effects were due to activity in these regions being greater during hard compared with easy spatial and temporal context memory tasks in MA alone. In contrast, in YA, activity in these 2 regions was relatively the same across all retrieval tasks. In the case of left medial occipital cortex (BA 18), the significant group × difficulty interaction was because there was reduced activity in this region, relative to baseline (increased de-activation) during easy retrieval tasks, compared with hard retrieval tasks, in MA; and similar levels of activity in this region across retrieval tasks YA, with the exception of TE retrieval tasks.
There was a significant group × task effect in retrieval activity in left DLPFC (BA 9) because there was increased activity in this region during hard, compared with easy, retrieval tasks in MA; and increased activity in this region during SE tasks, compared with TE tasks, in YA. In addition, there was a significant group × task × difficulty interaction in left medial PFC (BA 9) activity. This was because there was an opposite task × difficulty activation pattern in this region for YA versus MA (see Fig. 1B ). In YA activity in left dorsomedial PFC was lower relative to baseline during SH and TE retrieval tasks, compared with SE and TH retrieval tasks. In MA activity in this region was lower relative to baseline during SE and TH retrieval tasks, compared with SH and TE retrieval tasks.
In summary, LV1 ROIs were differentially activated during context encoding versus context retrieval. In addition, the exploratory post hoc ANOVAs also indicate that these ROIs exhibited other experiment effects. These observations are consistent with the observation that many of the LV1 ROIs were also identified in subsequent LVs. Figure 2A and Table 5 present the whole-brain PLS results for LV4: group similarities in brain activity during easy, compared with hard, encoding events. There was more activity in a variety of brain regions during easy, compared with hard, encoding tasks in both age groups, including: bilateral middle occipital cortex activity (right BA 18, left BA 19), left middle/anterior temporal cortex (BA 21/22) and right PHC (BA 36). We extracted the mean activity for regions marked with asterisks in Table 5 , and plotted these values in Figure 2B . The activation profiles indicate there was increased deactivation in left middle temporal cortex (BA 39) during easy, compared with hard, encoding tasks in both age groups. Figure 2B also suggests that the easy versus hard encoding activity effect in many regions was driven by the spatial task. We conducted exploratory post hoc group × task × difficulty repeated-measures ANOVAs to examine this. The results from these analyses are presented in the last column of Notes: Temporal lag represents the time after event onset, when a cluster of voxels exhibited a contrast effect of interest. The bootstrap ratio threshold was set to ±>3.28, and identified dominant and stable activation clusters. The spatial extent refers to the total number of voxels included in the voxel cluster (threshold = 10). The stereotaxic coordinates are measured in millimeters, and gyral location and Brodmann areas (BAs) were determined by referring to Talairach and Tournoux (1988) . The last column presents the highest order significant effect (P < 0.05) observed from the ROI-based post hoc group × task × difficulty repeated-measures ANOVAs. Regions marked with * were ROIs for which mean activity was extracted and plotted in a bar graph. Regions marked with # were ROIS included in the brain-behavior regression analyses. E, significant effects for encoding activity; R, significant effects for retrieval activity; HEM, cerebral hemisphere in which the activation occurred. a This peak coordinate was obtained at BSR = 7.6 (P < 0.00001) at which the large ROI extending from of left culmen to lateral occipital was broken up into smaller peaks, including this one in the left lateral occipital. Note: Temporal lag represents the time after event onset, when a cluster of voxels exhibited a contrast effect of interest. The bootstrap ratio threshold was set to ±>3.28, and identified dominant and stable activation clusters. The spatial extent refers to the total number of voxels included in the voxel cluster (threshold = 10).The stereotaxic coordinates are measured in millimeters, and gyral location and Brodmann areas (BAs) were determined by referring to Talairach and Tournoux (1988) . The last column presents the highest order significant effect (P < 0.05) observed from the ROI-based post hoc group × task × difficulty repeated-measures ANOVAs. Regions marked with *
LV4: Easy versus Hard Encoding Events, Main Effect
were ROIs for which mean activity was extracted and plotted in a bar graph. E, significant effects for encoding activity. HEM, cerebral hemisphere in which the activation occurred. Note: Temporal lag represents the time after event onset, when a cluster of voxels exhibited a contrast effect of interest. The bootstrap ratio threshold was set to ±>3.28, and identified dominant and stable activation clusters. The spatial extent refers to the total number of voxels included in the voxel cluster (threshold = 10).The stereotaxic coordinates are measured in millimeters, and gyral location and Brodmann areas (BAs) were determined by referring to Talairach and Tournoux (1988) . The last column presents the highest order significant effect (P < 0.05) observed from the ROI-based post hoc group × task × difficulty repeated-measures ANOVAs. Regions marked with * were ROIs for which mean activity was extracted and plotted in a bar graph. R, significant effects for retrieval activity; HEM, cerebral hemisphere in which the activation occurred.
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http://cercor.oxfordjournals.org/ There were significant task × difficulty interactions in encoding activity in bilateral occipital cortex, left middle/anterior temporal cortex, and right PHC. This was due to there being greater activity in these regions during SE, compared with SH, encoding tasks, but similar activity in these regions during TE and TH encoding, in both age groups. These results are consistent with the effects observed for similar peaks from LV 1 at encoding. Figure 2C and Table 6 present the whole-brain PLS results for LV 5: group similarities in brain activity during easy, compared with hard, retrieval events. There was more activity in left fusiform gyrus (BA37), right cuneus (BA17), and left middle frontal gyrus (BA46) during hard, compared with easy, retrieval tasks in both age groups. To further explore the activity patterns in these ROIs, we extracted the baseline corrected, mean percent signal change in these ROIs (marked by asterisks in Table 6 ) and plotted them in Figure 2D . We also conducted post hoc group × task × difficulty repeated-measures ANOVAs on these ROIs. The results are presented in the last column of Table 6 .
LV 5: Easy versus Hard Retrieval Events, Main Effect
Although the statistical effects identified for right fusiform gyrus (BA 37) in LV 5 differ slightly from those observed for a similar peak in LV 1 [ Table 4 : right fusiform gyrus (BA 19)], the activation patterns are similar in both ROIs. For example, the post hoc Note: Temporal lag represents the time after event onset, when a cluster of voxels exhibited a contrast effect of interest. The bootstrap ratio threshold was set to ±>3.28, and identified dominant and stable activation clusters. The spatial extent refers to the total number of voxels included in the voxel cluster (threshold = 10). The stereotaxic coordinates are measured in millimeters, and gyral location and Brodmann areas (BAs) were determined by referring to Talairach and Tournoux (1988) . HEM, cerebral hemisphere in which the activation occurred. Note: Temporal lag represents the time after event onset, when a cluster of voxels exhibited a contrast effect of interest. The bootstrap ratio threshold was set to ±>3.28, and identified dominant and stable activation clusters. The spatial extent refers to the total number of voxels included in the voxel cluster (threshold = 10).The stereotaxic coordinates are measured in millimeters, and gyral location and Brodmann areas (BAs) were determined by referring to Talairach and Tournoux (1988) . The last column presents the highest order significant effect (P < 0.05) observed from the ROI-based post hoc group × task × difficulty repeated-measures ANOVAs. R, significant effects for retrieval activity; HEM, cerebral hemisphere in which the activation occurred. Regions marked with # were ROIs for which: 1) mean activity was extracted and plotted in a bar graph and 2) were ROIS included in the brain-behavior regression analyses.
ANOVAs identified significant post hoc group × difficulty interactions in retrieval activity for both right fusiform gyrus ROIs. This was due to there being more activity in right fusiform gyrus during hard, compared with easy, context retrieval tasks in MA, whereas activity in right fusiform gyrus was relatively the same across all context retrieval tasks in YA (see Figs 1C and 2D ). The post hoc ANOVAs also indicated there was a significant task × difficulty effect in right cuneus during retrieval. This was due to both age groups having increased deactivation in this region during easy, compared with hard, context retrieval tasks. These results are consistent with the effects observed for similar peaks from LV 1 at retrieval. Table 7 presents the whole-brain PLS results for LV 6, which identified group differences in brain activity during successful Regions are identified by their hemisphere and Brodmann area. L, left; R, right; eSE, easy spatial encoding; eSH, hard spatial encoding; eTE, easy temporal encoding; eTH, hard temporal encoding; rSE, easy spatial retrieval; rSH, hard spatial retrieval; rTE, easy temporal retrieval; rTH, hard temporal retrieval.
LV 6: Encoding versus Retrieval Events, Group Interaction Effect
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LV 10: Easy > Hard Retrieval Events, Group Interaction Figure 3A and Table 8 present the whole-brain PLS results for LV 10, which identified group differences in brain activity during easy, compared with hard, retrieval events. Positive saliences represent regions where MA exhibited increased activation during hard, compared with easy, retrieval events, and YA exhibited the inverse effect. There were no significant negative saliences for this LV at the thresholds used. We extracted the baseline corrected, mean percent signal change in a subset of ROIs identified in this LV (marked by asterisks in Table 8 ) and plotted these activation profiles in Figure 3B (PFC ROIs) and 3C (ventral visual ROIs). Figure 3B shows that there was increased activity in right medial APFC (BA 10) and right VLPFC (BA 47) during easy, compared with hard, retrieval tasks in YA, and increased activity in these regions during hard, compared with easy, retrieval tasks in MA. Figure 3C indicates that a similar pattern of activity was observed in right inferior (BA 20) and middle (BA 21) temporal cortices. In contrast, activity in left fusiform cortex (BA 37), left middle occipital cortex (left BA 18), and right fusiform cortex (BA 19) was similar across all retrieval tasks in YA, but was greater during hard, compared with easy, context retrieval tasks in MA. Post hoc ANOVAs were conducted and the results are presented in the last column of Table 8 . The post hoc ANOVAs corroborate the LV effect and identify significant group × difficulty interaction effects for all ROIs.
Linear Regressions
Predictor variables for the regression analyses were primarily from LV1 since this LV best encapsulated the encoding and retrieval activations common to both age groups and because it explained most of the variance in the data (46% cross-block variance). We also included some regions from LV 10 to balance the hemispheric representation of brain regions included in the model, where possible. Although some ROIs from LV4 and LV5 were similar to those seen in LV1, the peak BSR for these overlapping areas was larger for the coordinates identified in LV1. Moreover, the post hoc ANOVAs indicated that there was overlap in the activation patterns observed in LV1 and LV4 and 5. Thus, only including peaks for LV1 represented effects in these regions identified in subsequent LVs.
For ROIs selected from LV1, we used either the encoding activity, the retrieval activity, or the sum of activity in encoding and their hemisphere and Brodmann area. L, left; R, right; eSE, easy spatial encoding; eSH, hard spatial encoding; eTE, easy temporal encoding; eTH, hard temporal encoding; rSE, easy spatial retrieval; rSH, hard spatial retrieval; rTE, easy temporal retrieval; rTH, hard temporal retrieval. retrieval (encoding + retrieval activity), as predictor values, based on the effects, each ROI illustrated in the post hoc ANOVAs presented above. For example, if a region only exhibited significant post hoc effects during encoding, we included its activity during encoding as a predictor in each model. If a region only exhibited significant post hoc effects during retrieval, we included its activity during retrieval as a predictor in each model. However, if a region exhibited both encoding-and retrieval-related effects, we calculated the sum of encoding + retrieval activity and used it as a predictor in each model. This was done to reduce multicollinearity arising from including both encoding and retrieval activity from the same region and same LV.
There were a total of 16 predictor variables included in each of the models: age (in years), the sum of encoding + retrieval activity in left medial occipital cortex from LV1 (LV1, left medial BA 18), retrieval activity in left middle occipital cortex from LV10 (LV10, left lateral BA 18), the sum of encoding + retrieval activity in right middle occipital cortex from LV1 (LV1, right BA 19), encoding activity in left BA 21 from LV1 (LV1, left BA 21), retrieval activity in right BA 21 from LV1 (LV1, right BA 21), encoding activity in bilateral anterior temporal cortex (LV1, bilateral BA 38), encoding activity in right PHC (LV 1, right PHC), encoding in left VLPFC from LV1 (LV1, left BA 47), the sum of encoding + retrieval activity in right VLPFC from LV1 (LV1, right BA 45), the sum of encoding + retrieval activity eTE, easy temporal encoding; eTH, hard temporal encoding; rSE, easy spatial retrieval; rSH, hard spatial retrieval; rTE, easy temporal retrieval; rTH, hard temporal retrieval.
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by guest on April 17, 2015 http://cercor.oxfordjournals.org/ in left DLPFC from LV1 (LV1, left lateral BA 9), the sum of encoding + retrieval activity in right DLPFC from LV1 (LV1, right BA 9), the sum of encoding + retrieval activity in left APFC from LV1 (LV1, left BA 10), and retrieval activity in left medial PFC (LV1, left medial BA 9) and right APFC from LV10 (LV10, right BA 10). The coordinates for these ROIs are marked with # in Tables 4 and 8 . Mean activity in these ROIs were also plotted in Figures 1-3 .
The descriptive analyses of the ROIs identified the following extreme datapoints in ROI activity which were removed prior to running the regression models: 1) SE models: 3 extreme datapoints in YA and one extreme datapoint in MA were identified for activity during SE tasks; 2) SH models: 3 extreme datapoints in YA and 3 extreme datapoint in MA were identified for activity during SH tasks; 3) TE models: 3 extreme datapoints in YA were identified for activity during TE tasks; 4) TH models: one extreme datapoint in YA and 4 extreme datapoints in MA were identified for activity during TH tasks. The extreme datapoints identified across models were not consistently from the same subjects. Thus, there were no outlier subjects on the whole. These extreme datapoints were removed to prevent bias in the regression results. Table 9 presents the significant across age-group backward step-wise regression results for the models predicting SE, SH, TE, and TH retrieval accuracy. Tables 10 and 11 present the most significant within group backward step-wise regression results for SE, SH, TE, and TH retrieval accuracy models for YA and MA, respectively. Predictors with significant t-values are marked with an asterisk in the table. Below we summarize the results observed for each task type by reviewing the significant predictors (t-statistic P < 0.05) identified in across and within group analyses.
Summary
The regression analyses indicate that, by conducting across agegroup analyses alone, few predictors of retrieval accuracy were identified for tasks. This suggests that there were few ROIs that similarly predicted task accuracy across age. However, by conducting within group analyses, we identified different brain regions that significantly predicted retrieval accuracy across tasks in YA and MA. In YA, increased retrieval accuracy on both spatial tasks and on the TH task was supported by increased left VLPFC activity at encoding. In addition, increased retrieval accuracy on both temporal tasks was predicted by increased retrieval activity in left middle occipital cortex (BA 18) in YA. A significant positive association between increased left VLPFC activity during either encoding or retrieval and retrieval accuracy was not observed for any task in MA. Furthermore, in MA retrieval accuracy on SH and TH tasks was "negatively" associated with increased retrieval activity in left middle occipital cortex. Thus, there were Table 9 Across age-group regression results
Model Predictor
Standardized β T statistic and hard (high-load) conditions across both age groups. LV, the significant latent variable from the PLS results from which the ROI was selected from. In parentheses beside each predictor, we identify whether the mean activity included for each ROI reflected task-specific encoding (E) activity, retrieval activity (R), or the sum of activity from encoding and retrieval (sum E + R). Refer to Tables 4-8 for specific coordinates, and details of each ROI.
BA, Brodmann area. *Refers to t-values that were significant at P < 0.05. wise regression analysis to identify predictors of retrieval accuracy on spatial and temporal context memory tasks under easy (low-load) and hard (high-load) conditions across both age groups. LV, the significant latent variable from the PLS results from which the ROI was selected from. In parentheses beside each predictor, we identify whether the mean activity included for each ROI reflected task-specific encoding (E) activity, retrieval activity (R), or the sum of activity from encoding and retrieval (sum E + R). Refer to Tables 4-8 for specific coordinates, and details of each ROI.
BA, Brodmann area.
*Refers to t-values that were significant at P < 0.05.
age-related differences in the brain-behavior associations involving encoding activity in left VLPFC and retrieval activity in left middle occipital cortex across tasks. In addition, for MA, increased encoding activity in left anterior temporal cortex (BA 38) predicted increased retrieval accuracy during SE, SH, and TH tasks; similar to the pattern observed for left VLPFC in YA. However, these associations were only significant during SH and TH tasks. In contrast, in YA increased encoding activity in left anterior temporal cortex was a negative predictor of TH retrieval accuracy. Also, in the case of MA, increased activity in several PFC regions, (other than left VLPFC) was positively associated with retrieval accuracy. For example, activity in either left and/or right APFC positively predicted SE, SH, and TE retrieval accuracy, and reduced deactivation in left medial PFC predicted TH retrieval accuracy. In contrast, in YA, increased activity in other PFC regions was negatively linked to retrieval accuracy across tasks, with the exceptions of left VLPFC and left DLPFC.
In addition to the overall pattern of group differences in brainbehavior associations, there were 2 patterns of group similarity in brain-behavior associations: 1) in both age groups, increased right PHC activity during TE tasks was positively associated with retrieval accuracy; and 2) in both age groups, increased encoding activity in left DLPFC supported retrieval accuracy. However, in the case of left DLPFC, the positive association was significant during the easiest, low-load, SE task in MA, and in YA this association was only significant during the more difficult (based on lower accuracy), TE task.
Discussion
In the current study, event-related fMRI was used to identify the functional brain changes associated with the onset of context memory decline at midlife. We tested subjects on easy (low encoding load) and hard (high encoding load) versions of spatial and temporal context memory tasks. We found that MA did not exhibit slower RT compared with YA during either spatial or temporal context memory tasks. It has been shown that older adults (aged 60 years and above) exhibit slower RT compared with YA on a variety of episodic memory tasks (Salthouse 1996; Verhaeghen and Salthouse 1997) and that this age-related slowing may be due to changes in the white matter integrity of the frontal lobes (Bucur et al. 2008 ). The fact that MAs' RT was not significantly different from that of YA in the current study, suggests that the white matter integrity of the frontal lobes may remain intact from young adulthood to midlife (Lebel et al. 2012) .
Our behavioral results indicated that MA exhibited lower retrieval accuracy on SH, TE, and TH tasks compared with YA. Performance was matched between groups on SE tasks. Our findings with regards to the spatial context memory task are consistent with prior work. For example, Cansino et al. (2010 Cansino et al. ( , 2012 have also reported spatial context memory deficits in MA compared with YA on tasks that had a high encoding load of a 120 images. Also, in a working memory study in which young and older adults were required to maintain either 4, 5, or 7 letters, no significant age differences in retrieval accuracy were reported during the 4 and 5 load conditions, but a significant age difference in retrieval accuracy was observed during the 7 load condition (Cappell et al. 2010) . Taken together these findings indicate that in MA, spatial context memory remains intact when there are few encoding stimuli (i.e., SE tasks); but as the encoding load increases to 12 (i.e., SH tasks), spatial context memory deficits become apparent. Therefore, stimulus load at encoding has a significant impact on spatial context memory abilities in MA.
Our behavioral results also indicated that there was a significant decline in temporal context memory in MA versus YA. In fact, both age groups had lower retrieval accuracy during temporal context memory tasks compared with spatial context memory tasks. This finding is consistent with prior studies that have reported poorer performance on temporal versus spatial context memory tasks in older and in younger adults (Parkin et al. 1995; Rajah, Languay et al. 2010) . Temporal context memory tasks are generally thought to be more challenging than spatial context memory tasks because they place greater demands on working memory and relational processes that are thought to be mediated by the PFC (Rajah, Languay et al. 2010; Crane et al. 2011) . Therefore, the current study was the first, to our Our event-related fMRI results revealed 3 results: 1) there were no significant group differences in brain activity during either spatial or temporal context encoding, 2) there were group differences in brain-behavior associations at encoding in left VLPFC and left anterior temporal cortex, and 3) there were group differences in both brain activity and in brain-behavior associations during context retrieval, which primarily involved PFC and ventral occipito-temporal regions. Surprisingly, the PLS results did not identify a LV that reflected significant task differences in brain activity, even though the behavioral results identified significant task, group × task and task × difficulty effects for accuracy. However, the exploratory ROI-based post hoc ANOVAs indicated that several ROIs exhibited significant task-related and group-related patterns of interactions in encoding, and/or retrieval activity. In addition, the brain-behavior regression analyses indicate that there were group differences in regionspecific contributions to retrieval accuracy across tasks. In the following sections, we discuss group similarities and differences in fMRI activity and brain-behavior associations during successful context encoding and successful context retrieval.
Group Similarities and Differences at Encoding
The PLS results indicated there were no significant age-group differences in brain activity at encoding in YA versus MA during successful encoding of spatial and temporal contextual details. Both age groups increased activity in a distributed set of brain regions during successful encoding, compared with retrieval, which included: medial occipital cortex, right PHC, bilateral middle and anterior temporal cortex, bilateral VLPFC, and left DLPFC. However, we observed group differences in brain-behavioral associations between encoding activity in some PFC and ventral temporal regions, and retrieval accuracy. In the following subsections, we discuss our findings at encoding in greater detail for our regions of interest: PHC, ventral occipito-temporal cortices, and PFC.
Right Parahippocampal Cortex
The PLS results indicated both groups exhibited greater right PHC activity during encoding, compared with retrieval, and during easy, compared with hard, encoding tasks. The observation of greater right PHC activity during easy, compared with hard, encoding tasks, may be related to the greater retrieval success observed during easy tasks. This interpretation is supported by the findings of a positive association between increased encoding activity in right PHC and increased context retrieval accuracy during TE tasks in both age groups.
Prior work has supported a role for the PHC in context memory (Davachi et al. 2003; Martin et al. 2013; Wang et al. 2013 ) and visuospatial processing (Epstein and Kanwisher 1998; Maguire et al. 1998) . Bar et al. (2008) have suggested that the PHC may be important for making contextual associations across domains (Bar et al. 2008; Aminoff et al. 2013) . Consistent with this hypothesis they reported increased left PHC activity during the perception of famous, compared with novel, faces, wherein famous faces elicited more contextual associations than novel faces (Bar et al. 2008) . Therefore, our findings suggest that right PHC activity support spatial and temporal context encoding of face stimuli; and that this function is preserved at midlife. This conclusion is consistent with prior studies that have also not observed changes in medial temporal function at midlife (Park et al. 2013; Cansino et al. 2015) .
The Prefrontal Cortex
In the current study, we observed no significant age-group differences in PFC activity during encoding. Both groups had increased activity in bilateral VLPFC and left DLPFC activity during successful context encoding, compared with retrieval. This is consistent with the results reported by Park et al. (2013) . In that fMRI study, no significant differences in PFC activity were reported between MA and YA during the successful encoding of scene stimuli. Instead, age-related changes in PFC encoding activity were observed later in adulthood, between older adults and MA.
In an ERP study of spatial context encoding for pictures of colored objects, Cansino et al. (2010) reported similar amplitude effects in right lateral frontal positivity in YA, MA, and older adults during successful spatial context encoding. Yet, the onset of this waveform was progressively delayed from young adulthood to midlife, and to older age. This implies that there may be subtle changes in the timing of PFC involvement at encoding that are apparent by midlife.
Given the imaging modality employed in the current study, we were unable to ascertain if there were age-related delays in the onset of lateral PFC activity at encoding. However, our linear regression results support the hypothesis that there may be underlying changes in PFC function during context encoding from young adulthood to midlife, despite there being no significant group differences in PFC activity at encoding. Specifically, in YA only, we found that increased encoding activity in left VLPFC (BA 47) predicted retrieval accuracy on SE, SH, and TH tasks. During TE tasks, retrieval accuracy was positively predicted by increased encoding and retrieval activity in left DLPFC. Left lateral PFC activation has been consistently observed during episodic encoding tasks (Fletcher et al. 1998; Dove et al. 2006; Spaniol et al. 2009; Dulas and Duarte 2011) . Encoding activity in left VLPFC is thought to reflect this regions' role in mediating goal-directed, item-specific, semantic retrieval, which is important when using a categorical verbal/semantic strategy during episodic encoding (Habib et al. 2003; Badre and Wagner 2007) . In contrast, left DLPFC activity at encoding is thought to reflect this regions' role in mediating relational encoding strategies across stimuli (Murray and Ranganath 2007; Long et al. 2010) . Based on these findings, we hypothesize that left VLPFC activity in the current study reflected the implementation of an item-specific semantic encoding strategy that directly benefitted SE, SH, and TH retrieval accuracy in YA. This interpretation is consistent with the idea that subjects likely used a categorical left versus right semantic label during encoding, which would have benefitted spatial context memory tasks. In contrast, using a relational encoding strategy would have supported the successful encoding of the relative temporal order of stimuli during temporal context memory tasks, and is consistent with the observed positive association left DLPFC activity and TE retrieval accuracy. It was surprising that activity in left VLPFC, not DLPFC, predicted TH retrieval accuracy. We speculate that this may be due to YA having difficulty in implementing a relational strategy across 12 stimuli in the TH task, and thus reverting back to using a semantic encoding strategy, and left VLPFC function, to support performance on TH tasks. However, this interpretation is debatable.
In contrast to YA, there were no significant positive brain-behavior associations involving left VLPFC in MA. In fact, increased left VLPFC activity was related to poorer TE retrieval accuracy in MA. Instead, a positive brain-behavior association was seen between left DLPFC activity and SE retrieval accuracy in MA, whereas in YA, left DLPFC activity was found to positively predict retrieval accuracy on the more difficult (based on retrieval accuracy) TE retrieval task. Therefore, our results indicate that, even though activity levels in left VLPFC and left DLPFC remained the same between YA and MA, by midlife there may be underlying changes in the functional impact of these brain regions on context retrieval accuracy, which were identified in the regression results.
Based on these observations, we hypothesize that at midlife there are deficits in left VLPFC function at encoding, which MA successfully compensate for by increasing left DLPFC activity during SE tasks-the only tasks where there were no significant group differences in retrieval accuracy. This interpretation is consistent with prior studies that have reported reductions in left VLPFC activity and deficits in associative memory retrieval in older adults, compared with YA (Logan et al. 2002; Sperling 2007; Addis et al. 2014) . Our results also suggest that by middle age, adults recruit more anterior DLPFC regions at lower levels of task difficulty compared with YA, during successful context encoding; perhaps, to compensate for the aforementioned changes in VLPFC regions (Davis et al. 2008; Park and Reuter-Lorenz 2009; Dennis and Cabeza 2012) . However, with progressive increases in task demands, our PLS and regression results indicated that MAs' performance on SH, TE, and TH tasks was associated with increased activation in left anterior temporal cortex at encoding, and/or with increased activation of right APFC, and increased de-activation of left medial PFC, at retrieval (discussed below).
Ventral Occipital and Temporal Cortices
In the current study, we observed group similarities in ventral occipital and temporal cortex activation at encoding. There was increased activity in medial occipital and bilateral middle and anterior temporal cortices during encoding, compared with retrieval. In addition, there was increased activity in right lateral and left fusiform cortices during easy, compared with hard, encoding tasks in both age groups. These results are in contrast to the decreased occipito-temporal cortex activity reported in prior fMRI studies of episodic encoding across the adult lifespan (Grady et al. 2006; Kennedy et al. 2012) . However, in the episodic encoding study by Park et al. (2013) , both similarities and differences in ventral occipital-temporal activations were reported across YA, MA, and older adults. Specifically, Park et al. (2013) reported group similarities in left inferior occipital-temporal cortices and in right middle occipital-temporal cortices during the successful encoding of scene stimuli. However, decreased encoding activity in bilateral fusiform cortex was reported in MA, compared with YA. We observed similar levels of encoding activations in a various ventral occipital-temporal regions in YA and MA. Discrepancies between our current activation findings, and those of prior studies, may be related to the fact that the stimuli used in earlier experiments were more diverse than ours. Grady et al. (2006) employed drawing and words from different semantic categories, and Kennedy et al. (2012) and Park et al. (2013) used colorful pictures of diverse outdoor scenes (Kennedy et al. 2012; Park et al. 2013 ). In addition, prior studies employed item recognition tasks in which performance was matched. In contrast, in the current study, we used a perceptually homogenous set of stimuli, black-and-white photographs of faces, and employed context memory tasks, in which there were group differences in retrieval accuracy. Therefore, our study likely placed higher demands on visual processing, which may have led to greater equivalence in ventral visual cortex activity in both age groups at encoding.
Despite the overall group similarities in occipital and temporal cortex activity at encoding, we observed a group difference in the brain-behavior associations between encoding activity in left anterior temporal cortex (BA 38) and context retrieval accuracy. In MA, increased encoding activity in left anterior temporal cortex positively predicted subsequent retrieval accuracy on SE, SH, and TH tasks. This pattern was not observed in YA. In fact, in YA increased encoding activity in left anterior temporal cortex activity was negatively associated with TH retrieval accuracy. Interestingly, the pattern of brain-behavior associations reported in MA for left anterior temporal cortex parallels the pattern of brain-behavioral association reported in YA for left VLPFC, which was discussed in the section above.
The anterior temporal cortex is thought to be important for making specific semantic category decisions (Rogers et al. 2006) . For example, in a recent fMRI study of visual face discrimination, it was found that activity in bilateral fusiform cortex reflected the general detection of face stimuli, whereas activity in anterior inferior temporal cortex was important for discriminating between individual faces (Kriegeskorte et al. 2007) . Given the parallel patterns of brain-behavior association observed for left anterior temporal cortex and left VLPFC between age groups, it is possible that due to changes in left VLPFC function at encoding, MA relied more on left anterior temporal cortex to support the utilization of semantic processes during context encoding.
Group Similarities and Differences at Retrieval
To our knowledge, ours is the first fMRI study to report age-related similarities and differences in brain activity between MA and YA during episodic memory retrieval. The first LV from our PLS results indicated that there was increased activity in bilateral lateral occipital, right DLPFC and left APFC during successful context retrieval, compared with encoding, in both age groups. However, the post hoc ANOVAs, subsequent LV 10, and regression results indicated that overall, there were marked group differences in activity, and in brain-behavior association, during successful context retrieval. These differences in brain activity and brain-behavior associations were primarily observed in ventral occipito-temporal and prefrontal cortices. In the following subsections, we discuss our findings in these 2 regions of interest in greater detail.
Prefrontal Cortex YA and MA had increased activation in right DLPFC and left APFC during successful context retrieval compared with encoding. However, the post hoc analyses indicated MA had more activity in these regions during hard, compared with easy, retrieval tasks; whereas, in YA, activity in these regions was not modulated by task difficulty at retrieval. We also observed more activity in right APFC and right VLPFC activity during hard, compared with easy, retrieval tasks in MA. Moreover, our regression results indicated that, in MA, increased retrieval activity in APFC supported SE and TE retrieval accuracy, and increased encoding + retrieval activity in left APFC supported SH retrieval accuracy.
We have previously reported a positive brain-behavior association between right APFC activity and temporal context retrieval in older adults (Rajah, Languay et al. 2010 ). More recently, Lighthall et al. (2014) have reported increased APFC activity in older versus YA during delayed retrieval, compared with immediate retrieval, of contextual information for previously encoded objects. Moreover, only in older adults was activity in this region associated with task performance (Lighthall et al. 2014) .
More anterior aspects of the lateral PFC have been hypothesized to be important for implementing progressively more abstract relational strategies during memory tasks; whereas, more posterior aspects of the lateral PFC are hypothesized to be important for implementing more concrete response/perception based strategies (Christoff et al. 2001; Dobbins et al. 2002; Koechlin et al. 2003; Badre and D'Esposito 2007; Barbalat et al. 2009) . Therefore, our current findings expand upon earlier studies comparing older versus YA, and show that by midlife adults overrecruit more anterior portions of the PFC during hard versus easy context memory tasks, compared with YA. This may reflect greater reliance on more abstract retrieval strategies by midlife, perhaps due to changes in encoding strategies and changes in ventral visual function at retrieval (discussed below).
Ventral Occipital and Temporal Cortices
Increased activity in left middle occipital and right fusiform cortex was observed in both age groups during successful context retrieval. However, MA over-recruited these regions during hard context retrieval tasks compared with YA. In addition, there were group differences in brain-behavior associations involving left middle occipital and right fusiform cortex.
Middle occipital and fusiform activity has been observed during a perceptual matching task for face stimuli (Grady et al. 1994) and activation of these regions at retrieval in both YA and MA may reflect the utilization of a visually based retrieval strategy. In YA, there was a positive association between left middle occipital cortex retrieval activity and TE and TH retrieval accuracy. This suggests that using a visually based retrieval strategy benefitted temporal context retrieval in YA, even though retrieval accuracy on these tasks was lower than on the spatial context tasks.
In contrast, in MA, increased left middle occipital cortex activity was found to negatively predict retrieval accuracy on SE, SH, and TH tasks. Also, in MA, increased encoding and retrieval activity in right fusiform cortex was negatively associated with retrieval accuracy on TE and TH tasks. Moreover, there was increased retrieval activity in both of these regions during hard, compared with easy, retrieval tasks in MA. These observations suggest that MA used a visually based retrieval strategy more during hard > easy context memory tasks, but this was not beneficial to their task performance.
One possibility is that the over-recruitment of left middle occipital cortex and right fusiform cortex at retrieval in MA may reflect neural inefficiency and functional deficits in these regions (Park et al. 2004; Morcom et al. 2007 ). This implies that there are visual processing deficits at retrieval at midlife. This interpretation is consistent with studies that have reported linear decreases in white matter integrity (fractional anisotropy) in occipital and temporal cortices across the adult lifespan (Kennedy and Raz 2009), and age-related changes in ventral occipitotemporal activity at midlife (Park et al. 2013) . It is also consistent with the observed negative brain-behavior association involving retrieval activity in these regions and context retrieval accuracy in MA only. However, given that there were no age-related differences in ventral occipital and temporal cortex activity at encoding in the current study, it is debatable if MA have neural inefficiency or deficits in ventral visual processing. Future examination of the three-way association between context memory performance, functional activation, and structural integrity of ventral occipito-temporal cortex would help to shed light on this possible explanation of our current findings.
Conclusions
This was the first fMRI study to examine the neural correlates of spatial and temporal context encoding and retrieval in YA and MA. The current study design afforded us the ability to directly examine how brain activity, at either encoding and/or retrieval, was related to memory performance across context memory tasks that varied in difficulty, as defined by retrieval accuracy. Surprisingly, we did not observe significant age-group differences in brain activity at encoding. However, we observed group differences in retrieval activity and in our regression results.
Our regression results indicated that there were age differences in brain-behavior associations at encoding, despite the fact that activation patterns were the same between age groups at encoding. Specifically, we observed changes in how encoding activity in VLPFC and left anterior temporal cortex related to subsequent context retrieval. In YA, encoding activity in left VLPFC predicted retrieval accuracy in a variety of context memory tasks. This was not observed in MA. Instead, in that age cohort, encoding activity in left anterior temporal cortex predicted retrieval accuracy in a variety of context memory asks, in a manner that paralleled the pattern observed for left VLPFC in YA.
We hypothesize that the aforementioned changes in brainbehavior associations at encoding in MA impacted the patterns of brain activity and brain-behavior associations observed at retrieval; and ultimately had a negative impact on context memory in MA. Specifically, we hypothesize that there are retrieval-related changes in left middle occipital and right fusiform function at midlife, and that the observed over-recruitment of PFC in MA at retrieval may reflect attempted functional compensation for these changes in visual function at retrieval, and for the encoding-related changes in VLPFC function (Rajah and D'Esposito 2005) . This hypothesis is supported by the observation that in MA, increased ventral visual activity at retrieval reliance was not beneficial to retrieval accuracy, but increased DLPFC and APFC activity was. In YA, the opposite pattern was observed: increased retrieval activity in PFC was negatively associated with retrieval accuracy, but increased retrieval activity in left middle occipital cortex was positively associated with temporal context retrieval. This pattern of results is consistent with the posteriorto-anterior shift in aging model (Davis et al. 2008) .
Our results were also consistent with the predictions of the CRUNCH/STAC models (Park and Reuter-Lorenz 2009; Cappell et al. 2010) . The regression analyses indicated that, in MA, compared with YA, activity in more PFC and occipital and temporal cortex regions directly predicted performance SE tasks-the task in which performance was matched between age groups. Moreover, during hard tasks, MA increased activity in various PFC regions at retrieval, and this recruitment was compensatory. Yet, MA performed significantly worse than YA on these harder context memory tasks. This indicates that there are limits to compensation, and that these limits are present at midlife.
It is important to note that our regression analyses indicated that age was a significant predictor of context retrieval, particularly in the middle aged group. This implies that there were additional neural and/or physiological factors, not accounted for in our regression models, which correlated with age, and impacted context memory performance in MA. Future studies should aim to broaden our understanding of the neural changes that arise at midlife, and how they are modulated with increasing age during this adult critical period. Such research will help us gain insight into the initial changes in brain function that are associated with the onset of memory decline and advance our current models of health aging and memory function. Ultimately, this knowledge will aid the development of future therapies aimed at improving memory function in healthy adults, at an earlier age where intervention may be more promising.
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